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Abstract The tetradeoxyribonucleotide pAGCG in 1 M NaCl
forms duplexes with terminal non-canonical pAWG pairs with
stability significantly exceeding that for the duplex (pAGCT)2
and lower than that for the duplex (pCGCG)2. The deoxy-
riboduplex (pAGCG)2 is considerably stabilized by 3P-Y and
slightly by 5P-X dangling bases. Therefore, the stability of
duplexes with 3P dangling bases decreases in the order
(pAGCGY)2s (pCGCGA)2s (pAGCTA)2. The sum of the
independent stabilizing effect of the of 5P-pG and 3P-A dangling
bases on the (pAGCG)2 core duplex is higher than that of the
additional terminal pGWA pair in pG-A-/-G-A tandem of the
duplex (pGAGCGA)2.
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1. Introduction
The tandems of GWA mispairs take part in secondary struc-
ture formation of di¡erent types of natural RNAs [1,2]. In
particular they have been found as main functional elements
in the ribozyme RNA sequences [3^5] with catalytic activity
being observed also for DNA analogs [6]. It is well known
that the thermodynamic parameters of duplex formation in-
cluding tandems of GWA mispairs are sequence dependent. The
highest thermodynamic increment of these mispairs in the
nucleic acid double helix was observed in the 5P-Py-G-A-Pu/
5P-Pu-G-A-Py- nearest-neighbor surrounding especially for
the DNA duplexes, which are in some cases more stable
than that of parent duplexes with the canonical AWT pairs in
the same surrounding (5P-Py-T-A-Pu/5P-Py-T-A-Pu) [7,8]. As
it was shown, these sequences provide an unusual conforma-
tion of the GWA base pair with an amino mode of pairing
(‘shared’ GWA) and with highly e¡ective interstrand cross-
stacking [9,10]. On the other hand, any variation of the 5P-
Py-G-A-Pu/5P-Pu-G-A-Py consensus sequence results in the
conformational polymorphism of the GWA base pair and a
drastic decrease of duplex thermostability [7,11^14]. A few
data suggest that the tandem GWA base pairing also thermo-
dynamically stable at the end of the duplex in the contexts 5P-
G-A-Pu-/5P-Py-G-A or Py-G-A-3P/G-A-Pu-3P [15]. It seems
reasonable to expect that a GWA base pair in the terminal
position of a duplex may show unusual properties as a con-
sequence of structural £exibility of the helix terminus.
In this work we present the results of thermodynamic and
spectral studies of duplexes with single and double terminal
GWA mispairs in the (pAGCG)2 and (pGAGCGA)2 duplexes
respectively. Stabilizing e¡ects of the 5P-X (X=A,G,T,C) dan-
gling bases in (pXAGCG)2 and 3P-Y (Y=A,G,T) dangling
bases in the (pAGCGY)2 series of duplexes versus the
(pAGCG)2 core duplex, and especially for 5P-pG and 3P-A,
as the elements of the terminal GWA tandems in the hexameric
duplex (pGAGCGA)2, were shown. These properties of the
above duplexes are more profound in comparison with the
parent duplexes (pCGCG)2, (pACGCG)2, (pCGCGA)2 and
(pAGCTA)2 containing canonical GWC or AWT terminal base
pairs.
2. Materials and methods
Oligonucleotides were synthesized by the phosphotriester method in
solution [16].
The bu¡er for all experiments was: 1 M NaCl, 0.01 M Na2HPO4,
0.1 mM EDTA, pH 7.3. The concentrations of the oligonucleotides
were prepared using the extinction coe⁄cients (O260) calculated as
described in [17]. The optical melting curves were recorded with a
heating rate of 0.7^0.9‡C/min by means of a specially designed device,
based on the spectrophotometric UV detector of the microcolumn
chromatograph ‘MilliChrom’ (Russia) interfaced to a personal com-
puter. This system allows a high informative multiwavelength mode
recording of melting curves to be used. Four wavelengths were used
simultaneously in UV melting experiments. All melting curves were
completely reproducible in the heating-cooling procedure. The volume
of the microcuvette is 2 Wl. The data ¢les consisted of 700^800 points,
which were corrected for temperature volume expansion.
Circular dichroism (CD) spectra were recorded on a J-600 spectro-
polarimeter (Jasco, Japan) with a 0.1 mm pathlength thermojacketed
cuvette. UV absorbance spectra were recorded on a UV-2100 spec-
trophotometer (Shimadzu, Japan) with a 10 mm pathlength thermo-
jacketed cuvette. The temperature of the cuvette was measured with a
10-pin thermocouple battery with absolute accuracy þ 0.05‡C. The
temperature series of the CD and UV spectra were recorded from
1‡C to 70‡C with 5^10‡C steps. The temperature of the cuvette was
stabilized with þ 0.05‡C precision by means of a liquid circulative
bath UH-8 (Germany). To improve spectrum analyses the data points
were exported to a PC.
Thermodynamic parameters of duplex formation were obtained by
two methods, the ¢rst one being a melting curve ¢tting procedure and
the second one concentration dependence of reciprocal melting tem-
perature.
(1) The optical melting curves were ¢tted to a ‘two-state’ model
with sloping baselines by using the original non-linear least-squares
‘Simplex’ program (Windows ’95 version) providing interactive oper-
ation and visualization ¢tting procedures in a real time mode (A.V.
Ivanov, Russia). Six temperature-independent ¢tting parameters were
used: vH‡, vS‡, ass, bss, ads, bds [18]. The equations used for the ¢tting
procedure were:
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F  AssT3ATg= AssT3AdsTgff 2
where K is the equilibrium constant of the duplex formation; F is the
oligonucleotide fraction in the double-stranded form; C is the oligo-
nucleotide concentration; A(T) is the absorbance versus temperature
pro¢le (optical melting curve); Ads(T), Ass(T) are the absorbance ver-
sus temperature functions of the double-stranded (F = 1) and single-
stranded (F = 0) forms of oligonucleotides respectively. The Ads(T),
Ass(T) functions were assumed to be linear [18]:
AdsT  ads  T Wbds 3
AssT  ass  T Wbss 4
The vH‡ and vS‡ values were calculated from averaged ¢ts of the
individual melting curves obtained for each of four wavelengths and
were used for calculation of the melting temperature Tm.
(2) The plots of reciprocal melting temperature (Tm31) versus log-
arithm of the strand concentration (lnC) were ¢t to the following
equation [18]:
1=Tm  R=vHlnC  vS=vH 5
where C was varied over a range from 7U1036 M to 1.3U1033 M.
The calculated and experimental melting curves coincide within
0.1% independently of the wavelength used in all concentration series.
The resulting values vH‡ and vS‡ were obtained with an average
deviation of þ 2 kcal/mol and þ 6 cal/mol/K, respectively.
3. Results
The ¢tting procedure of the optical melting curves results in
identical values of vH‡ and vS‡ independently of both the
wavelength of recording and the oligonucleotide concentra-
tion. Thermodynamic parameters derived from linear plots
of Tm31 vs. lnC over the entire 50^100-fold range in concen-
tration (correlation coe⁄cients 0.995) are shown in Table 1.
The di¡erences between the vH‡, vS‡ and vG‡25 values de-
rived by the melting curve ¢tting procedure and from the
Tm31 vs. lnC plots are less than 7%, 7% and 1.2%, respec-
tively. Thus, the thermodynamic data are consistent for all the
sequences studied forming duplexes in a two-state manner [18]
and no signi¢cant concentrations of intermediates and/or high
molecularity associates were presented up to an oligonucleo-
tide concentration of 1.3 mM [19].
The enthalpy of the formation of the basic tetranucleotide
duplex (pAGCG)2 (1) with a central G-C/G-C-core £anked by
pAWG pairs is equal to 325.1 kcal/mol, that is 3 kcal/mol
lower than for the parent duplex (pCGCG)2 (10) with the
canonical terminal pCWG pairs. The (pAGCG)2 duplex shows
intermediate thermostability between (pCGCG)2 and
(pAGCT)2. As expected, the latter has a low Tm, so we cannot
derive its accurate thermodynamic characteristics. It is known
[20] that the thermodynamic parameters of central -G-C-/-G-
C- core formation in deoxyriboduplexes is equal to 311.1
kcal/mol (vH‡) and 328.4 cal/mol/K (vS‡). Thus, the near-
est-neighbor thermodynamic parameters of pA-G-/-C-G in the
(pAGCG)2 duplex may be estimated at least as 31.6 kcal/mol
(vG‡25), 37.6 kcal/mol (vH‡) and 318.2 cal/mol/K (vS‡) tak-
ing into account the initiation parameters of a duplex forma-
tion (0.0 kcal/mol (vH‡) and 35.9 cal/mol/K (vS‡)) [20].
The thermodynamic contribution of the 3P-Y dangling base
to the stability of (pAGCGY)2 (2^4) is more signi¢cant than
that of 5P-X dangling bases to (pXAGCG)2 (5^8). The ratio
vvG‡25(3P-Y)/vvG‡25(5P-X) and vvH‡(3P-Y)/vvH‡(5P-X) is
equal to 1.1^2, reaching more than 2 in the cases of 3P-G
and 5P-G (vvG‡25 =31.47 and 30.71 kcal/mol, vvH‡ =36.0
and 32.6 kcal/mol, respectively). Obviously, the origin of the
stabilization derives from a favorable enthalpic change both
for the 5P-X and 3P-Y dangling bases. Thus, more or less close
enthalpic e¡ects were found for the 5P- and 3P-positions of T
and C. For example, the vvH‡ values for the 3P- or 5P-posi-
tion of T dangling base are equal to 34.6 or 34.1 kcal/mol,
respectively.
Interestingly, the observed tendency of thermostabilization
of duplexes with terminal pAWG pairs by the 3P-Y or 5P-X
dangling bases is inversely related to the well-known trend
for the oligodeoxyriboduplexes with Watson-Crick terminal
pairs, in which 3P-Y has a lower stabilization e¡ect, if at all,
than 5P-X [21]. As was shown in this work, vvG‡25 (3P-A) for
(pCGCGA)2 (11) versus (pCGCG)2 (10) is equal to 30.42
kcal/mol, which is only of the same order of magnitude as a
5P-phosphate e¡ect [22]. On the other hand, the stabilization
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1 pAGCG 25.1 þ 1.0 70.7 þ 3.6 4.08 þ 0.02 9.5
2 pAGCGA 36.6 þ 0.7 99.8 þ 2.2 6.85 þ 0.04 36.8 5.8 14.6 1.38 27.3
3 pAGCGG 37.0 þ 1.1 100.5 þ 3.5 7.01 þ 0.03 38.1 6.0 14.9 1.47 28.6
4 pAGCGT 34.2 þ 0.9 92.6 þ 2.9 6.56 þ 0.02 34.9 4.6 11.0 1.24 25.4
5 pAAGCG 30.5 þ 1.4 82.5 þ 4.5 5.95 þ 0.04 29.9 2.7 5.9 0.94 20.4
6 pGAGCG 30.3 þ 1.0 83.3 þ 3.1 5.50 þ 0.02 25.5 2.6 6.3 0.71 16.0
7 pTAGCG 33.2 þ 1.9 92.1 þ 6.3 5.76 þ 0.03 27.8 4.1 10.7 0.84 18.3
8 pCAGCG 32.5 þ 1.3 89.3 þ 4.2 5.93 þ 0.02 29.4 3.7 9.3 0.93 19.9
9 pGAGCGA 37.9 þ 1.3 102.1 þ 4.3 7.31 þ 0.05 40.3 6.4 15.7 1.62 30.8
10 pCGCG 28.0 þ 1.9 76.5 þ 6.3 5.22 þ 0.03 22.5 1.5 2.9 0.57 13.0
11 pCGCGA 33.7 þ 2.5 92.7 þ 8.2 6.06 þ 0.02 30.5 2.9c 8.1 0.42 8.0
31.5d 33.6 30.40 36.3
12 pACGCG 40.8 þ 1.5 112.7 þ 4.1 7.24 þ 0.02 38.6 6.4c 18.1 1.01 16.1
5.2e 15.1 0.65 8.7
13 pAGCTA 22.9 þ 1.4 62.0 þ 4.5 4.42 þ 0.01 12.0 36.9d 318.9 31.22 324.8
aThe data were calculated from 1/Tm vs. lnC dependences and are shown with þ 2 standard deviations intervals.
bTm was calculated for an oligonucleotide concentration of 1034 M.
c;d;evvH‡, vvS‡, vvG‡25, vTm were calculated relatively to: (c) (pCGCG)2, (d) (pAGCGA)2, (e) (pAAGCG)2.
Additional signi¢cant ¢gures of thermodynamic values are given to allow accurate calculation of Tm and other parameters.
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e¡ect (vvG‡25) of the 5P-A dangling base in (pACGCG)2 (12)
is equal to 31.01 kcal/mol, that is 2.4-fold higher than for the
3P dangling base.
The properties of the terminal tandem GcA mispairs were
studied with the use of the hexanucleotide duplex
(pGAGCGA)2 (9). The thermodynamic contribution of the
additional terminal pGWA pair relative to (pAGCG)2 is equal
to 31.62 kcal/mol (vvG‡25) and 36.4 kcal/mol (vvH‡) (Table
1). These values are close to the Watson-Crick nearest-neigh-
bor parameters of the interaction of -G-A-/-T-C- in deoxyri-
boduplexes (31.65 kcal/mol and 37.7 kcal/mol, respectively)
but 1.5-fold less than the interaction parameters of -G-C-/-G-
C- [20]. These relationships are in agreement with thermody-
namic stability of deoxyriboduplexes containing the internal
tandem of the GWA, TWA or GWC base pairs in the same 5P-3P
nearest-neighbor surrounding: -C-T-A-G-/-C-T-A-G-6 -C-G-
A-G-/-C-G-A-G-6 -C-G-C-G-/-C-G-C-G- [7,20].
To determine the possible structure of the terminal GWA
mispairs in the series of mismatched duplexes (1^9) in 1 M
NaCl solution (1^9) circular dichroism (CD) studies were car-
ried out (Fig. 1). To calculate CD pro¢les of double-stranded
forms (F = 1) the following data were used: (a) the respective
temperature series of CD spectra, (b) the thermodynamic pa-
rameters of the duplexes formation (vH‡, vS‡) (Table 1), and
(c) straight baseline approximation which is the same as used
for UV melting curve ¢tting (Eqs. 3 and 4). The spectra of the
GWA family duplexes have identical spectral characteristics,
that is well-resolved bands with a high positive amplitude at
270, 280 and 290 nm. In addition, a shoulder at 260 nm for
duplexes (6, 9) was observed [23]. These data are in good
agreement with the earlier published CD spectra of the mis-
matched duplexes containing -Py-G-A-Pu-/-Py-G-A-Pu- se-
quences whose conformations were de¢ned by 2D-NMR spec-
troscopy [15,24]. Based on these results we propose that the
conformation of GWA pairs in all the duplexes studied is
G(anti-)WA(anti-) with amino-type base pairing. Detailed anal-
ysis of the ¢rst derivative CD spectra has revealed a very low
amplitude shoulder at 305 nm, which was found for all re-
corded spectra of GWA family duplexes. It should be especially
emphasized that the UV optical melting curves (305 nm) of
these duplexes are distinguished by unexpected hypochromic
e¡ects (340 to 380%), as shown, for example, in Fig. 2 for
pAGCGA. Spectral characteristics listed before exclusively
referred to GWA family duplexes, instead of parent duplexes
with GWC or AWT base pairs (Fig. 1c). These properties can be
used in both analytical and structural investigations. It allows
one to estimate thermodynamics of the highly concentrated
oligonucleotide solution, for example of NMR samples, by
UV melting experiments.
4. Discussion
The contribution of the 3P-Y dangling bases to the thermo-
dynamics of the (pAGCGY)2 deoxyriboduplex formation is
the same as for the 3P dangling bases A or G over the terminal
GWC base pair in riboduplexes [25]. This means that the 3P-Y
stabilizing e¡ect (GsAsT) is the result of the optimal con-
formation of the dangling base for the stacking interaction
with the terminal pAWG mispair. This in£uence is higher
even than the thermodynamic contribution of the 5P-A dan-
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Fig. 1. CD spectra of oligonucleotides in 1 M NaCl, vO were nor-
malized per oligonucleotide strand. The temperature series of
pAGCG (C = 1.32U1033 M), T‡C is the temperature of a solution,
F the fraction of oligonucleotide existing in the duplex form (a).
Calculated CD spectra (at 10‡C) for the duplex form (F = 1) of the
AWG-series oligonucleotides: pAGCG, pAGCGA, pGAGCG,
pGAGCGA (b); and parent oligonucleotides: pCGCG, pCGCGA,
pAGCTA (c).
Fig. 2. Changes of the UV absorbance vs. wavelength (nm) during
melting of the duplex (pAGCGA)2 (C = 2.73U1035 M, 1 M NaCl
bu¡er) calculated relative to UV spectra at 4‡C, T‡C is the solution
temperature, F the fraction of oligonucleotide existing in duplex
form.
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gling base to the stability of parent duplex (pACGCG)2 (Ta-
ble 1). There are a number of reasons explaining the e⁄ciency
of the 3P-Y dangling base. First, the A(anti-)WG(anti-) confor-
mation with amino-type pairing results in a Y/A optimal in-
terstrand cross-stacking interaction. This well-known type of
base pairing occurs in the Py-G-A-Pu-/-Py-G-A-Pu- internal
sequences [7] and in the hairpin structure formed by
d(GCGAAGC) [26]. Obviously, the same type of interaction
of the AWG terminal base pair with 3P-Y dangling bases could
be completely realized in the (pAGCGY)2 duplexes (as shown
in Scheme 1).
Second, the terminal 5P-phosphate can stabilize a duplex
structure in the high ionic strength solution and destabilize
it at a low salt concentration due to electrostatic repulsion
[22]. In the series of duplexes (pAGCGY)2 the 5P-phosphate
is located close both to the terminal AWG pair and to a 3P-Y
dangling base. In contrast, the 5P-phosphate group in the
(pXAGCG)2 series is out of duplex terminus elements. Un-
usual properties of the 5P-phosphate emerged from thermo-
stability studies of the (pAGCGY)2 duplexes under extremely
decreased ionic strength of the solution. Among the duplexes
listed in Table 1 only (pACGCG)2, (pAGCGG)2,
(pAGCGT)2, and (pAGCGA)2 were su⁄ciently stable in de-
ionized water. The Tm values of the duplexes were found to be
14, 15, 16, and 17‡C, respectively (C = 1034 M). The data
obtained for the (pAGCGY)2 duplex series suggest the possi-
bility of some additional interaction between the 5P-phosphate
and 3P-Y dangling base. It can be partly explained by hydro-
gen bonding between the phosphate and 2-amino group of G
in the opposite strand [27,28], which is impossible in the case
of the canonical base pairs. As an original result, the mis-
matched duplexes (pAGCGY)2 are more stable than the par-
ent duplexes with Watson-Crick terminal base pairs:
(pCGCGA)2 (11) and (pAGCTA)2 (13) (Table 1).
It is well known that the internal tandem 5P-G-A-3P/5P-G-A-
3P is a thermodynamically favorable structural element of the
double helix [7]. Our results suggest that is also true for ter-
minal tandem GWA mispairs. A free energy increment of the
additional terminal pGWA base pair, vvG‡25(pGWA), in
(pGAGCGA)2 (9) relatively to the core duplex (pAGCG)2
(1) is equal to 31.62 kcal/mol and the enthalpy increment,
vvH‡(pGWA), is equal to 36.4 kcal/mol (Table 1). However,
these values are unexpectedly lower, approximately 3/4 times,
than the sum of the independent 5P-pG and 3P-A dangling
bases increments in the duplexes (pGAGCG)2 and
(pAGCGA)2, respectively (3vvG‡25(pGWA) = 1.626 0.71+
1.38 = 2.09 (kcal/mol); 3vvH‡(pGWA) = 6.46 2.6+5.8 = 8.4
(kcal/mol) (Table 1)). It is important to note that the sum
of the independent stabilizing e¡ects of the 5P and 3P bases
dangling over the canonical base pair does not exceed the
e¡ect of the additionally formed corresponding base pair
[25]. Thus, the formation of the second GWA mispair in the
terminal 5P-G-A-3P/5P-G-A-3P duplex region may be charac-
terized by an anticooperative interaction between 5P-pG and
3P-A at the end of the duplex (pGAGCGA)2. Obviously, the
single dangling base can adopt the optimal position for inter-
strand stacking with the terminal GWA pair, that is spatially
hampered when both bases exist at the duplex terminus. The
data obtained allow us to propose the crucial role of A/A
(rather than G/G) cross-stacking interaction in a thermody-
namic increment of tandem 5P-G-A-3P/5P-G-A-3P formation.
Thus, it should be taken into account that the single GWA
mispairing is able to cause unexpected duplex stability in the
case of the C-G/A-G dinucleotide terminal helix domain. This
can be the most conspicuous in the presence of the dangling
bases and the 5P-terminal phosphate group. The weak salt
dependence of the nucleic base interaction can lead to the
preference for GWA mismatched duplexes over Watson-Crick
duplexes at a low ionic strength of the solution. Moreover, the
unusual properties of the single terminal GWA base mispair
probably can play a role in some biological systems where
the terminus of the double helix is involved in processes
such as strand elongation in the course of replication.
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